Increasing evidence supports the hypothesis that soluble misfolded protein assemblies contribute to the degeneration of postmitotic tissue in amyloid diseases. However, there is a dearth of reliable nonantibody-based probes for selectively detecting oligomeric aggregate structures circulating in plasma or deposited in tissues, making it difficult to scrutinize this hypothesis in patients. Hence, understanding the structure-proteotoxicity relationships driving amyloid diseases remains challenging, hampering the development of early diagnostic and novel treatment strategies. We report peptide-based probes that selectively label misfolded transthyretin (TTR) oligomers circulating in the plasma of TTR hereditary amyloidosis patients exhibiting a predominant neuropathic phenotype. These probes revealed that there are much fewer misfolded TTR oligomers in healthy controls, in asymptomatic carriers of mutations linked to amyloid polyneuropathy, and in patients with TTR-associated cardiomyopathies. The absence of misfolded TTR oligomers in the plasma of cardiomyopathy patients suggests that the tissue tropism observed in the TTR amyloidoses is structure-based. Misfolded oligomers decrease in TTR amyloid polyneuropathy patients treated with disease-modifying therapies (tafamidis or liver transplant-mediated gene therapy). In a subset of TTR amyloid polyneuropathy patients, the probes also detected a circulating TTR fragment that disappeared after tafamidis treatment. Proteomic analysis of the isolated TTR oligomers revealed a specific patient-associated signature composed of proteins that likely associate with the circulating TTR oligomers. Quantification of plasma oligomer concentrations using peptide probes could become an early diagnostic strategy, a response-to-therapy biomarker, and a useful tool for understanding structureproteotoxicity relationships in the TTR amyloidoses.
INTRODUCTION
Transthyretin (TTR) is a 127-amino acid b-sheet-rich tetrameric protein that is predominantly secreted into the blood by the liver (1) . Local production of TTR by the choroid plexus and the retinal epithelium accounts for the smaller quantities of TTR in the cerebrospinal fluid (CSF) (2) and the eye (3). Folded TTR circulating in blood, CSF, and in the eye of humans is known to function as a transporter of vitamin A and thyroxine (4, 5) . The TTR tetramer can slowly dissociate into monomers that can subsequently misfold, enabling TTR aggregation, a process that causes proteotoxicity and ultimately the loss of postmitotic tissue in a heterogeneous group of diseases known as the TTR amyloidoses (6) (7) (8) .
About 120 amyloidosis-associated TTR mutations are known (8) ; the autosomal dominant inheritance of one of these mutations leads to the incorporation of mutant subunits into a TTR tetramer otherwise composed of wild-type (WT) subunits, causing faster TTR tetramer dissociation kinetics and/or the accumulation of higher quantities of misfolded aggregation-prone monomers and amyloid (9) . The hereditary TTR amyloidoses are systemic amyloid diseases that can present with a variety of clinical phenotypes. Patients with certain mutations, such as V122I, present predominantly with a cardiomyopathy (10) , whereas other mutation carriers exhibit predominant involvement of the peripheral nervous system (11, 12) , such as the V30M mutation associated with familial amyloid polyneuropathy (FAP). Although the initial disease phenotype depends partially on the inherited TTR sequences (13) , variability in clinical presentation is seen between patients with the same mutation and even within the same kindred, and some patients present with clinical manifestations in less commonly involved organs, such as the eye (vitreous opacities and glaucoma) (14) , the central nervous system (stroke and dementia) (15) , or the kidney (nephrotic syndrome and chronic renal insufficiency) (16) . This poorly understood phenotypic variability or tissue tropism poses a considerable diagnostic challenge. Patients often present first to different clinical specialties with initial symptoms that mimic more common diseases, and there is currently no single diagnostic method that is noninvasive and easy to apply to diagnose the TTR amyloidoses. Genotyping and amyloid fibril detection in tissues, combined with confirmed organ damage detected by echocardiography and/or neurophysiological assessment, are generally considered the diagnostic gold standard (17, 18) . Recent cardiac imaging advances using technetium pyrophosphate show promise for the early diagnosis of the TTR amyloidoses presenting as a primary cardiomyopathy, potentially avoiding the need for invasive cardiac biopsies (19) . An analogous approach is unavailable for the neurological presentation, and as a direct result, diagnosis is often made later in the course of disease (20) . This is problematic because currently available therapeutic strategies-liver transplant-mediated gene therapy (21) or the use of pharmacologic kinetic stabilizers [tafamidis (22, 23) and diflunisal (24) ]-have proven to be more effective when used early in the course of FAP (25) , highlighting the need for a noninvasive early diagnostic method (26) .
Although there is compelling genetic and pharmacologic evidence that the process of amyloidogenesis is the cause of the TTR amyloidoses, the mechanism(s) by which TTR aggregation or amyloidogenesis leads to organ dysfunction is not well understood (22) (23) (24) . The insoluble cross-b-sheet amyloid fibril burden does not seem to correlate with clinical manifestations based on the observation that positive clinical responses to kinetic stabilizer therapy and/or liver transplant in TTR cardiomyopathy patients do not correlate with amyloid clearance (based on heart wall thickness measurements) (27) (28) (29) . The same has been observed with disease-modifying therapies in light chain amyloidosis, another systemic amyloid disease (30, 31) . Evidence from cellbased toxicity studies suggests that soluble misfolded TTR oligomers are more toxic than amyloid fibrils, although the relevance of these short-term in vitro toxicity studies to degenerative diseases that manifest over months to years remains unclear (32) .
We posit that to understand aggregate structure-proteotoxicity relationships, we need to expand our knowledge about the spectrum of aggregate structures that exists in patients by developing reliable probes for each structure. The goal is to eliminate structures that do not correlate with symptom development and/or with clinical response to therapy, to produce a list of misfolded species that may drive proteotoxicity in human amyloid diseases.
Our goal was to develop probes that can selectively detect circulating non-native TTR structures that form separate from amyloid fibrils. Here, we report the discovery of peptide-based probes that selectively integrate into or onto the structure(s) of non-native TTR oligomers prepared in vitro and apparently similar structures circulating in the blood of hereditary TTR amyloidosis patients with predominant neurological or mixed peripheral nervous system and cardiac phenotypes, but not in patients exhibiting primarily cardiac phenotypes. We envision that quantifying misfolded TTR oligomers in patient plasma could be useful not only for aiding physicians in point-of-care diagnosis and for following the response to particular therapies, but also for understanding the aggregate structure-proteotoxicity relationships driving the TTR amyloidoses.
RESULTS
The B b-strand of TTR labels misfolded TTR oligomers prepared in vitro TTR forms a spectrum of aggregate structures in vitro, including amyloid fibrils (33, 34) . We hypothesized that misfolded oligomeric TTR aggregates would be less densely packed than native TTR or TTR amyloid fibrils, allowing certain peptides to integrate into such structures by docking at defect sites (Fig. 1A ) not found in native TTR or in TTR amyloid fibrils, owing to their densely packed structures.
For probe discovery, we used an overlapping TTR peptide library prepared by solid-phase peptide synthesis (Fig. 1B) (1) . All peptides were labeled covalently at their N termini with fluorescein. The ability of these peptides to integrate into or onto non-native TTR oligomers was assessed using oligomers prepared in vitro from a recombinant monomeric version of TTR (MTTR). MTTR harbors two mutations, one at each of the two distinct dimer interfaces (L110M and F87M), rendering MTTR unable to assemble into a native tetramer (35) . Thus, MTTR aggregates readily under physiological conditions because the slow step of tetramer dissociation has been eliminated (35) . When incubated at neutral pH, MTTR undergoes conformational excursions, allowing it to aggregate over a time course of a week into non-native oligomers ranging in molecular mass from 200 to 1000 kDa (Fig. 1C,  left panel) .
Each candidate peptide probe was incubated overnight with the non-native MTTR oligomers. Peptide incorporation was assayed by native polyacrylamide gel electrophoresis (PAGE) (Fig. 1C , right panel) and by size exclusion chromatography (SEC) (Fig. 1, D and E) . Of the 18 fluorescent peptide candidates evaluated, only the peptide derived from the B b-strand of TTR, hereafter called probe B-1, apparently incorporated into or onto the misfolded MTTR oligomers with high efficiency (Fig. 1, C to E) . The observation that probe B-1 remains bound after SEC suggests that the probe-oligomer complex has a very slow dissociation rate.
The same approach assessed whether probe B-1 incorporated into TTR oligomers made from TTR , which lacks the B b-strand ( fig.  S1A ). This TTR fragment is found in biopsies of cardiomyopathy and some polyneuropathy patients (36) . Again, probe B-1 was the only peptide of 18 that incorporates into TTR oligomers (fig. S1B) .
B-1 integrates into or onto a cross-b-sheet structure An alanine scan across the probe B-1 sequence revealed that every other residue was important for its incorporation into misfolded TTR oligomers (underlined residues in Fig. 1F ). The apparent requirement for every other residue being a b-branched amino acid is consistent with probe B-1 binding to or integrating into a cross-b-sheet structure harboring a defect site or onto a protofilament end (Fig. 1A) (37, 38) . Truncation of probe B-1 from the N and C termini identified the sequence VAVHVF as the minimal binding competent sequence, although the truncated peptide incorporated to a much lesser extent (90% less) compared to probe B-1 ( fig. S2 ).
Probe B-1 is selective for nascently formed non-native TTR oligomers After incubating probe B-1 with natively folded WT TTR tetramers or freshly purified homotetramers comprising disease-associated TTR subunits (V30M, L55P, V122I, T60A, and A25T TTR) or the interallelic stabilizing mutation (T119M) (9) , minimal labeling of the tetramer was observed ( Fig. 2A, right panel) , indicating that probe B-1 is selective for non-native aggregate structures over densely side-chain-packed natively folded tetrameric TTR. The highly destabilized A25T TTR tetramer readily dissociates and the resulting monomers misfold and misassemble under physiological conditions, forming high-molecular weight (MW) oligomers within 24 hours (39). Probe B-1 intensely labeled these non-native TTR oligomeric aggregates ( Fig. 2A, right panel) . After correction for fluorescence quenching ( fig. S3 ), we found that MTTR oligomers undergoing active aggregation more readily incorporated probe B-1 than MTTR that had been oligomerizing for more than 15 days (Fig. 2B) . Probe B-1 incorporated into nascent oligomers in a stoichiometry of ≈1:1 B-1/MTTR monomer ( fig. S3 ). Our results suggest that a fundamental structural commonality exists between the MTTR, TTR , and A25T non-native TTR oligomers that allows probe B-1 binding. This structural motif is not present in native TTR tetramers or folded MTTR.
To test whether probe B-1 incorporates into TTR amyloid fibrils, we stained salivary gland biopsies of a V30M FAP patient and a healthy control with a biotin-labeled version of probe B-1 (B-1-Biotin). As expected (40) , amyloid fibrils in the salivary gland were localized around glandular acini as revealed by thioflavin T fluorescence (Fig. 2C , top left panel, white arrows, and fig. S4 ), an amyloid selective fluorophore. An anti-TTR antibody confirmed that these are TTR-derived amyloid fibrils (Fig. 2C , third row of left panels). Probe B-1-Biotin was found inside the glandular acini of both patient and control (Fig. 2C , white asterisks, and fig. S4 ), revealing that the peptide does not bind to or integrate into or onto TTR amyloid fibrils present within tissue; instead, it is nonspecifically binding to something inside the glandular cells.
Probe B-1 selectively differentiates FAP patient samples from controls Native PAGE and SEC were used to discern whether probe B-1 could label exogenous MTTR oligomers that were added to the plasma of a healthy donor. Probe B-1 selectively labeled the non-native MTTR oligomers and exhibited a linear SEC response with misfolded oligomeric TTR concentration ( fig. S5) . Notably, an alanine-scan structureactivity relationship (SAR) with probe B-1 analogs added to plasma containing non-native MTTR oligomers ( fig. S6 ) was similar to that observed with non-native MTTR oligomers in buffer (Fig. 1F) , addressing selectivity even in this complex biological fluid.
Probe B-1 was incubated with plasma from symptomatic Portuguese and Japanese V30M FAP patients, asymptomatic Portuguese V30M mutation carriers, and healthy controls. All patients had symptoms defining disease onset at the time the blood samples were collected, and most patients had a neuropathy impairment score of the lower limbs (NIS-LL) of less than 10 points, reflecting early-stage FAP (25) . By both SEC and native PAGE analyses, probe B-1 labeled the high-MW fraction from the FAP patients (Fig. 3, A and B) . In contrast, only minimal labeling was observed in the control groups. In a larger cohort, analysis of plasma showed a statistically significant increase in the high-MW fluorescence SEC peak eluting between 800 and 1200 ml in the FAP patients relative to the control groups ( Fig. 3C ; P < 0.0001). Similar results were obtained using a B-peptide, wherein the fluorescein substructure is replaced by disulfo-Cy5, showing that use of a less environmentally sensitive fluorophore makes no difference ( fig. S7 ).
The SAR of the probe B-1 alanine mutants with V30M FAP patient plasma showed the same trend as when the probe B-1 alanine mutants were added to the control plasma to which MTTR oligomers were added ( fig. S8 ). Substitution of any of the core b-branched amino acids eliminated the fluorescence intensity of the 800-to 1200-ml SEC peak. We also reevaluated TTR-based peptide probes from the eight b-strands ( Fig. 1B) using FAP patient plasma, and only probe B-1 exhibited fluorescent intensity in the high-MW gel filtration peak (800 to 1200 ml; fig. S9 ). Collectively, these results suggest that probe B-1 recognizes circulating misfolded TTR oligomers in patients that have not been detected previously.
Diazirine photocrosslinking probe B-2 validates the identification of non-native TTR oligomers
To distinguish between probe B-1 binding to naked non-native TTR oligomers in FAP patient plasma versus non-native TTR oligomers interacting with holdase chaperones, like clusterin, and potentially other plasma proteins, we incorporated a diazirine functional group and an alkyne handle into probe B-1, generating probe B-2 ( Fig. 4A) . Upon irradiation at 355 nm, the diazirine forms a highly reactive short-lived (~100 ns) carbene that inserts into proximal bonds, resulting in covalent conjugates with the target protein(s) and potentially other macromolecules (41, 42) . After incubation of probe B-2 with plasma samples, the samples were irradiated and rhodamine-azide was covalently attached to the alkyne handle using a protein-denaturing copper-catalyzed alkyne-azide cycloaddition (CuAAC) or "click" reaction to render the conjugates fluorescent. Denaturing and reducing SDS-PAGE was used to identify proteins comprising the fluorescently labeled conjugates, including initially aggregated non-native TTR ( Fig. 4B) (43, 44) .
As a positive control, we showed that probe B-2 selectively labeled MTTR oligomers, both in buffer (fig. S10) and when oligomers were added to the plasma of healthy donors, but did not label natively folded tetrameric TTR also present in micromolar concentrations within plasma [ Probe B-2 was incubated with FAP patient plasma (recall that these samples exhibited the high-MW SEC fluorescence signal upon incubation with probe B-1). After photocrosslinking and rhodamine conjugation, a band that migrates equally to that of MTTR (13.5 kDa) was covalently labeled by probe B-2 in the denaturing SDS-PAGE analysis of FAP patient plasma, but minimally in the plasma from a healthy donor (Fig. 4D , middle panel, magenta box), again demonstrating that probe B-2 does not form a complex with the natively folded TTR tetramer before photocrosslinking. Notably, the SDS-PAGE readout revealed that other higher-MW proteins are labeled by probe B-2 differentially between patients and controls ( Fig. 4D, middle panel) .
To identify the proteins present in the high-MW SEC fractions, representative plasma samples were incubated with probe B-2, photocrosslinked, and subjected to nondenaturing SEC fractionation before performing a proteome denaturing rhodamine click reaction on each chromatographic fraction. These samples were then subjected to denaturing SDS-PAGE (Fig. 4E summarizes workflow) . In V30M FAP plasma, TTR was present in the high-MW SEC fractions (3 to 5; 800 to 1200 ml) (Fig. 4F , middle panel, magenta box). TTR, observed as a monomer in SDS-PAGE in the rhodamine channel, was in a more than 200-kDa MW complex because only TTR in the "high-MW fractions" (3 to 5) reacted with covalent probe B-2. In contrast, a healthy donor plasma sample incubated with probe B-2 and irradiated did not crosslink with native WT TTR (Fig. 4F , middle panel, right side), despite evidence that TTR was present in many fractions (Fig. 4F , bottom panel, dark green box). Thus, probe B-2 only photoconjugates high-MW non-native TTR oligomers in the patient plasma and not native TTR in healthy donor plasma, demonstrating its selectivity.
The intensity of the B-2-TTR SDS-PAGE conjugate band from the high-MW fraction was quantified by densitometry in a larger set of V30M FAP patients, asymptomatic V30M carriers, and healthy donor controls. Significantly, more non-native TTR was labeled in the V30M FAP patient group compared with healthy donors and asymptomatic V30M mutation carriers (Fig. 4G, fig. S11 , and Table 1 ; P < 0.0001 and P = 0.0004, respectively). Probe B-2 plasma protein conjugates from the high-MW fraction were subjected to a click reaction with biotin, and subsequently, the probe B-2 cross-linked proteins were affinity-purified from patient and control plasma. TTR was identified in the eluted fractions by SDS-PAGE visualized by anti-TTR Western blot, and non-native TTR was found to be more prominent in the patient samples ( Fig. 4H) . Control experiments showed that the B-peptide sequence itself does not cross-react with the anti-TTR antibody used; thus, the anti-TTR antibody is recognizing an antigen other than the B-peptide sequence ( fig. S12 ).
Quantitative proteomics identifies the targets of the B-2 probe beyond non-native TTR oligomers Unbiased proteomics experiments were performed to compare the relative abundances of the probe B-2 target protein conjugates in plasma samples from three Portuguese V30M FAP patients, three Portuguese asymptomatic V30M carriers, and three healthy donors (Fig. 5A summarizes the workflow). Probe B-2 was incubated with the plasma samples overnight and photocrosslinked, and the conjugates were affinity-purified by clicking on biotin to the alkyne handle. An identical diazirineand alkyne-containing B-peptide analog harboring a single alanine substitution (B-2-Mut, AINAAVHVFR, V28A) to eliminate labeling of MTTR oligomers (Fig. 1F and figs. S6 and S8 ) was used as a control probe. Rhodamine gel labeling experiments confirmed that probe B-2-Mut does not label non-native TTR oligomers in FAP patients (Fig. 5B, rightmost panel, magenta box) . After affinity purification, each sample was digested with trypsin, and the tryptic fragments were labeled by one of six unique isobaric mass tags (TMT tags are amine-reactive) (45) . The six samples (three unique V30M FAP patient samples treated with B-2 or B-2-Mut) were then combined and subjected to multidimensional protein identification technology liquid chromatography-tandem mass spectrometry (MudPIT LC-MS/MS) analysis, and the relative abundances of the tryptic peptides in each of the six samples were quantified by the intensity of the unique fragments in the MS2 spectra. Proteins of interest were expected to be labeled by probe B-2, but not the probe B-2-Mut; that is, the intensity of the identified peptides in the MS2 spectra was expected to be higher in the probe B-2-treated TMT channels relative to the probe B-2-Mut TMT channels. In the FAP data set, 99 unique proteins were identified by the affinity purification MS approach (Fig. 5C) . The highest-intensity protein was serum albumin, as expected because it binds the hydrophobic peptide probe B-2 and is the most abundant protein in human plasma (table S1). For the high-abundance plasma proteins, the spectral counts of the identified proteins correlated with their expected plasma concentration , and P values were calculated from the log 2 -transformed values using a two-tailed t test assuming equal SDs followed by a correction for multiple testing using a false discovery rate (FDR) of 5% (table S1), as described in Materials and Methods. (F) Probe B-2 to probe B-2-Mut ratios for a select number of proteins previously identified in TTR amyloid deposits. P values were calculated by an ANOVA test followed by post hoc analysis with Tukey correction for multiple pairwise comparisons. P values were calculated using a two-tailed t test.
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( fig. S13 ). However, sorting the protein list by the intensity ratio of probe B-2 to probe B-2-Mut, the most "B-2 enriched" proteins were TTR, several apolipoproteins [including apoE (36 kDa)], clusterin (CLU; 37 kDa), vitronectin (VTN; 75 kDa), cadherin-5 (CDH5; 90 kDa), complement C1s (C1S; 86 kDa), and a2-macroglobulin (A2M; 180 kDa) (Fig. 5, D and E) . Notably, most of the proteins that are most confidently identified by proteomics here have been previously found in amyloid tissue biopsies from FAP patients, suggesting that these proteins may circulate with nonnative TTR oligomers. A clear proteomic signature emerged that distinguished FAP patients from healthy donors and asymptomatic carriers. Most of the probe B-2 targets identified in the FAP patients were also identified, including TTR, in the controls (Fig. 5C ). The enrichment ratio for TTR was greatest for FAP patients, lesser for asymptomatic carriers, and least in healthy controls exhibiting no enrichment (probe B-2/probe B-2-Mut, 1) (Fig. 5F ). In contrast, the ratios for the circulating interacting proteins, namely, clusterin (a holdase chaperone), apoE (transports lipoproteins, fat soluble vitamins, and cholesterol), and vitronectin (functions in hemostasis and modulating cell adhesion), displayed an inverse trend where the probe B-2/probe B-2-Mut ratio was lowest for the FAP patients (Fig. 5F ). The biochemical and proteomics experiments described thus far fully validate nonnative oligomeric TTR as a clear target of the B-2 probe, along with several TTRassociated proteins that may also be bound to TTR oligomers.
Misfolded TTR oligomer quantities decrease in FAP plasma upon treatment
Tafamidis is a TTR kinetic stabilizer that is approved for use in 37 countries to ameliorate FAP. Tafamidis slows FAP progression based on placebo-controlled clinical trial data (22, 23) . We used covalent probe B-2 to analyze the concentration of non-native TTR oligomers in the plasma of 15 Portuguese V30M FAP patients at the time of diagnosis and after 12 months of tafamidis (20 mg daily) administration (average NIS-LL change = −0.1). Most of these patients were diagnosed early in the course of the disease with NIS-LL scores of ≤10 and are considered to be clinical responders (annual progression of NIS <2 points) (46) . Labeling of non-native TTR in the high-MW SEC fraction by probe B-2 was reduced or unchanged in 12 of 15 patients and increased in 3 patients (Fig. 6, A and B) . In the 15 patients analyzed, non-native TTR labeling decreased on average by 1.8-fold after 12 months of tafamidis treatment.
We also tested seven Japanese V30M FAP patients who had undergone liver transplant-mediated gene therapy several years earlier, eliminating the presence of the V30M protein in the circulatory system and slowing the progression of FAP (21) . In these samples, no detectable non-native TTR was observed (Fig. 6C) .
Circulating proteolyzed TTR is identified in some FAP patient plasma samples In a few FAP pre-tafamidis plasma samples incubated with covalent probe B-2, labeling of a lower-MW TTR band (~9 to 10 kDa) was observed in the high-MW SEC fraction (patients 5 to 7). Fragmented TTR was not present in patients 5 to 7 after 12 months of tafamidis treatment (Fig. 6A and fig. S14A ). This fragment is slightly larger than the expected MW of the C-terminal TTR fragment (TTR ; 8666 Da) found to comprise amyloid fibrils deposited in a subset of TTR cardiomyopathy patients (36, 47) . We further probed all 15 of these patient plasma samples by Western blot using a C terminus-specific TTR antibody ( fig. S14B) . In samples from patients 5 to 7, a band was observed at about 9 to 10 kDa in SDS-PAGE by Western blot analysis, indicating that this band was a TTR fragment. Control experiments in which a protease inhibitor cocktail was added immediately after thawing the plasma samples showed no difference in the intensity of the TTR cleavage band, demonstrating that active proteolysis during peptide probe incubation is likely not responsible for the observed TTR proteolysis ( fig. S14C) . Collectively, the data outlined in Fig. 6 and fig. S14 suggest that C-terminally proteolyzed TTR is circulating in the blood of a subset of FAP patients.
Non-native TTR is detected in polyneuropathy-selective genotypes but not in cardiomyopathy-selective genotypes Further scrutiny of whether covalent probe B-2 can detect non-native TTR oligomers in plasma of genotypes other than those harboring the V30M FAP mutation was undertaken (Fig. 7 , V30M data shown in Fig. 4G are presented again to facilitate comparisons). We tested plasma samples from 32 additional patients (15 WT cardiomyopathy, 6 V122I cardiomyopathy, 4 T60A mixed polyneuropathy and cardiomyopathy, and 7 other mutations associated with TTR amyloidosis) ( Fig. 7 and Table 1 ). We observed a trend wherein non-native oligomeric TTR was readily detectable in genotypes associated with a primary neuropathic phenotype but not in genotypes associated with a primary cardiomyopathy phenotype (WT, V122I) (Fig. 7) . Finally, although requiring many assumptions, we estimated the concentration of these oligomers to be in the low nanomolar range in polyneuropathy plasma based on monomer concentration (see the "Estimation of non-native TTR in patient plasma").
DISCUSSION
We have developed peptide probes that selectively recognize non-native TTR oligomers circulating in the plasma of hereditary TTR amyloidosis patients exhibiting a predominant polyneuropathy phenotype. Our probe B-2 photocrosslinks to non-native TTR in oligomers, allowing us to isolate oligomers from patient plasma as well as the proteins that likely interact with the oligomers. This covalent probe also revealed that fragmented TTR circulates in the high-MW fraction in the plasma of a subset of polyneuropathy patients. Non-native TTR oligomer concentrations decrease upon disease-modifying treatments, suggesting that the structure-proteotoxicity relationship of these oligomers should be further scrutinized.
A limitation of our study is that we lack a detailed structural understanding of how our probes bind to non-native TTR oligomers. Furthermore, we were unable to test whether a correlation exists between oligomer concentration and disease severity owing to the small number of patients evaluated.
An advantage of the peptide-based probes introduced here is that, unlike other amyloid-selective probes used for diagnostic purposes such as Congo Red or thioflavin T, our probe preferentially recognizes soluble, misfolded, and actively aggregating TTR oligomers that adopt a nonamyloid quaternary structure. Because the probes detect non-native TTR in early-stage neuropathic TTR amyloidosis patients (NIS-LL < 10), they may be suitable for detection of early events that lead to degenerative phenotypes, that is, useful for early diagnosis. Peptide-based probes for soluble amyloid-b oligomers have been developed by other groups and exhibit oligomer selectivity; however, their utility has not yet been tested in patients (48) (49) (50) .
The selectivity of covalent peptide probe B-2 for non-native TTR oligomers may prove to be useful as a response-to-therapy biomarker, as treatments that slow the progression of polyneuropathy (tafamidis treatment or liver transplant-mediated gene therapy) significantly lower non-native TTR oligomer concentration. Either probe B-1 or probe B-2 could be elaborated beyond the lower-throughput methods used in this paper, for example, by conversion to an enzyme-linked immunosorbent assay format, more commonly used by clinical laboratories, rendering these peptide probes more generally useful.
Non-native TTR has the highest MS enrichment ratio in FAP patients, whereas the enrichment ratio for apoE and clusterin is lowest in FAP patients. One hypothesis is that the non-native TTR oligomers are titrating our probes away from apoE and clusterin. Probe B-2 was able to identify circulating fragmented TTR in a subset of polyneuropathy patients. In a histopathological study of FAP and WT TTR cardiomyopathy patients, Westermark and colleagues (36, 47) showed that C-terminally cleaved TTR was identified in all WT TTR cardiac amyloid fibril biopsies, whereas a mixture of cleaved and fulllength TTR was detected in the amyloid fibrils extracted from the tissue of FAP patients. Our data suggest that TTR is cleaved before deposition and after rate-limiting dissociation of the native tetramer, as tafamidis treatment stops the aberrant endoproteolysis presumably by kinetically stabilizing the native tetramer. Aberrant endoproteolysis of the monomer could change the structure of the TTR aggregates that are formed, leading to unique proteotoxicity mechanisms and potentially explaining why there is early-onset versus late-onset V30M FAP or why FAP in males typically progresses faster than in women (51, 52) .
Our probes generate data that allow us to begin to think about what is responsible for the tissue tropism exhibited by the TTR amyloidoses. A one-amino acid change in the TTR sequence determines whether non-native TTR oligomers are detected in patient plasma by our probes. That probe B-2 is unable to detect circulating non-native TTR oligomers in the plasma of cardiomyopathy patients ( Fig. 7 ; WT or WT and specific TTR mutants aggregating) suggests that a unique aggregate structure enabling rapid heart deposition may be a determinant for the cardiomyopathy phenotype. Evidence from other amyloid diseases indicates that conformational differences between aggregates may be responsible for distinct disease etiologies (53, 54) .
MATERIALS AND METHODS

Study design
The objective of this study was to develop peptide-based probes that recognize TTR oligomers and to show their utility in detection of oligomers in the plasma of patients with hereditary amyloidosis. All patient samples and analyses were collected under the approved institutional review board protocols at their respective institutions, and no blinding or randomization was used. The number of unique clinical plasma samples for each experiment is indicated in the respective figures and legends. We chose plasma from healthy blood donors and asymptomatic mutation carriers as controls. Sample sizes in the range of 10 to 50 were chosen for feasibility in accrual and provided a reasonable degree of statistical power for comparison of the three groups.
Peptide synthesis and purification
Resin was purchased from Millipore-Sigma (NovaSyn TGR, catalog no. 855009), and amino acids used for peptide synthesis were purchased from Novabiochem Corp. HOBt (1-hydroxy-benzotriazole; Advanced ChemTech), HBTU (N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate; AnaSpec), and DIEA (N,N′-diisopropylethylamine; Applied Biosystems) were used as coupling reagents, and piperidine (Sigma-Aldrich) was used for the standard deprotection method. The peptides were cleaved from the resin using 87.5:5:5:2.5 trifluoroacetic acid (TFA)/thioanisole/water/1,2-ethanedithiol. Peptides were synthesized on an Applied Biosystems 433A automated peptide synthesizer using a standard FMOC (9-fluorenyl methoxycarbonyl) protection strategy. Typically after synthesis, the cleaved peptide was precipitated using cold diethylether, recovered by centrifugation, reconstituted in anhydrous N,N′-dimethylformamide (DMF) or dimethyl sulfoxide (DMSO), and incubated with 5-FAM-X-SE [6-(fluorescein-5-carboxamido)hexanoic acid, succinimidyl ester; AnaSpec Inc.], SE-PEG2 Biotin (BroadPharm), or SE-Diazirine [Thermo Fisher Scientific, "SDA" (NHS-Diazirine, catalog no. 26167)] for 2 hours in the presence of DIEA (1:100 DIEA/DMF). For sequences that contain lysine, fluorophore coupling was done on the resin before deprotection and cleavage. Purification of labeled peptides was achieved using preparative C18 reversed-phase high-performance liquid chromatography (solvent A: 0.1% TFA in water; solvent B: 0.1% TFA in acetonitrile). Peptide masses were confirmed by LC-MS. After purification, the fractions containing the peptide of interest were lyophilized and stored under desiccant at −20°C. Before each experiment, peptides were freshly reconstituted in DMSO for use.
Expression and purification of recombinant TTR Recombinant WT, mutant TTR (MTTR corresponding to F87M/ L110M TTR mutant, A25T, V30M, L55P, T119M, V122I, and T60A), and C-terminal TTR fragment (TTR ) were expressed and purified from Escherichia coli, as described previously (34) . Detailed information can be found in the Supplementary Materials.
Production of non-native recombinant TTR oligomers and aggregates and SEC analysis of peptide incorporation A25T TTR and MTTR readily form stable oligomers at neutral pH. Briefly, as previously described (34, 35, 39) , the proteins were concentrated to 2 mg/ml in 10 mM sodium phosphate (pH 7.6), 100 mM KCl, and 1 mM EDTA and incubated at 37°C as indicated. To make aggregates of TTR , 0.5 mg of the lyophilized powder was dissolved in 10 mM sodium phosphate (pH 7.6), 100 mM KCl, and 1 mM EDTA to a final concentration of 70 mM. The solution was placed in sonicating water bath for 5 min to fully dissolve the peptide, then passed through a 0.2-mm filter, and incubated at room temperature for 4 hours. Details relating to the peptide screen and stoichiometry experiments are in the Supplementary Materials.
Salivary gland biopsies staining with thioflavin T, anti-TTR antibody, and B-1-Biotin Serial sections of formalin-fixed and paraffin-embedded salivary gland biopsies from FAP V30M symptomatic patients (n = 2) and non-FAP controls (n = 2) were obtained. Sections (four per sample) were deparaffinized, rehydrated, and stained with thioflavin T, anti-TTR antibody, or B-1-Biotin probe. All slices were visualized using an Olympus IX71 inverted microscope. Low-magnification images (×5) including most of the tissue on each section were taken (one to two photos per section), and one to two images of selected areas per slice were taken using the ×20 magnification. All images were acquired using an attached microscope camera (Hamamatsu C8484-03G01) and the HCImage software.
Incubation of plasma samples with probe B-1 and SEC Plasma (45 ml) was incubated with probe B-1 (20 mM; 3.2 ml of probe B-1 from a 300 mM stock solution in DMSO) or 3.2 ml of DMSO for 24 hours at 37°C. Before injecting onto the size exclusion column (Acquity UPLC Protein BEH SEC Column, 200 Å, 1.7 mm, 4.6 mm × 150 mm; Waters), each plasma sample was filtered through a P30 gel filtration column (Bio-Spin Columns with Bio-Gel P-30) to remove excess unbound peptide and preserve the life span of the SEC column (final volume, 50 ml). Five microliters of each sample was then injected onto the column and separated using a constant flow of 0.2 ml/min of 10 mM phosphate buffer, 1 mM EDTA, and 100 mM KCl (pH 7.8) for 30 min. To account for plasma autofluorescence, the resulting signal from the samples with no probe B-1 (DMSO only) was subtracted from the signal from the corresponding sample with the probe B-1. At the start and the end of each sample set, four injections of different concentrations of fluorescein in the running buffer (freshly prepared each day) were analyzed by the same instrument to make a standard curve for day-to-day comparison. All data were then normalized to the total protein concentration as calculated from the integrated area in the 280-nm absorbance channel. The results of the three groups were compared using a one-way ANOVA test.
Diazirine photocrosslinking and pulldown Lyophilized probe B-2 powder was weighed and dissolved in DMSO to a final stock concentration of 1 mM and added to the plasma samples to give a final concentration of 50 mM and incubated at 37°C overnight. Time course experiments with plasma from patients and MTTR oligomers within plasma from healthy donors showed that the signal plateaued within 5 to 8 hours and did not change thereafter. After incubation, plasma was pipetted into a 96-well plate with a nonbinding surface (Corning, #3650) and irradiated at 355 nm in a Stratalinker UV Crosslinker 1800 for 1 hour. After photoactivation and cross-linking, free peptide was removed and the probe B-2 conjugates were bufferexchanged into 10 mM sodium phosphate buffer (pH 7.6) and 100 mM KCl using a spin gel filtration column (Bio-Spin Columns with Bio-Gel P-30). The sample (5 to 20 ml) was then injected onto Acquity UPLC Protein BEH SEC Column, 200 Å, 1.7 mm, 4.6 mm × 150 mm (Waters) or an Agilent Bio SEC-3 4.6 mm × 300 mm SEC [mobile phase 10 mM sodium phosphate buffer (pH 7.6), 100 mM KCl]. Both columns separate biomolecules in the range of 100 to 600 kDa; the Agilent Bio SEC-3 has a higher loading capacity and was used specifically for this reason for quantification of non-native TTR in Figs. 4F, 6 , and 7. Aliquots of the samples either before or after SEC were conjugated with either rhodamine-azide (tetramethylrhodamine azide, catalog no. 7130, Lumiprobe) or diazo biotin-azide (catalog no. BP-22477, BroadPharm) using the copper-catalyzed click reaction (55, 56) . For the click reaction, per 50 ml of sample, 1 ml of 5 mM azide-containing probe (100 mM) was added to the sample and mixed, followed by the addition of 5 ml of 50:50 mix of 1 M CuSO 4 and BTTP (3-[4-({bis[(1-tert-butyl-1H-1,2,3-triazol-4-yl)methyl]amino}methyl)-1H-1,2,3-triazol-1-yl]propanol) ligand. The reaction was then initiated by addition of 1 ml of sodium ascorbate (20 mg/ml in water) and incubated at 30°C for 1 hour with gentle mixing (56) .
Quantitative proteomics using TMT isobaric mass tags Plasma samples from three unique individuals were run in parallel using the following scheme. Plasma (95 ml) was mixed with 5 ml of either probe B-2 or probe B-2-Mut and incubated and cross-linked as described above. The plasma samples were then passed through a Bio-Spin P-30 gel filtration column equilibrated in 10 mM phosphate buffer (pH 7.6) and 100 mM KCl and subjected to conjugation of N 3 -diazo biotin, as described above. Probe-cross-linked proteins were enriched using streptavidin agarose, as described above. The biotin-enriched eluted protein samples were then precipitated in methanol/chloroform and washed twice with 100% methanol. The air-dried protein pellets were then resuspended, reduced, acetylated and trypsin-digested, and labeled with respective TMT-NHS isobaric reagents (Thermo Fisher Scientific), as described previously (57) . The three plasma samples treated with either probe B-2 or probe B-2-Mut were pooled, resulting in a total of six channels per run. MudPIT columns were prepared as described previously (57) , and LC-MS/MS analysis was performed using a Q Exactive mass spectrometer with an EASY-nLC 1000 (Thermo Fisher Scientific) LC pump. MudPIT experiments consisted of 5-min sequential injections of 0, 20, 50, 80, and 100% buffer C (500 mM ammonium acetate in buffer A) followed by a final step of 10% buffer B (20% water, 80% acetonitrile, 0.1% formic acid, v/v/v)/90% buffer C (95% water, 5% acetonitrile, 0.1% formic acid, v/v/v). Each injection was followed by a linear gradient from buffer A (95% water, 5% acetonitrile, 0.1% formic acid, v/v/v) to buffer B. Electrospray was carried out directly from the analytical C18 columns by applying a voltage of 2.5 kV using an inlet capillary temperature of 275°C. Data-dependent acquisition of MS/MS spectra was performed as described before (57) . Protein identification and quantification of TMT labeling intensities was carried out using the Integrated Proteomics Pipeline Suite (IP2, Integrated Proteomics Applications Inc.), as described previously (57) . Global normalization of TMT intensities across the six channels was carried out within Census in IP2. Enrichment of a protein in the probe B-2-treated samples versus probe B-2-Mut-treated samples was calculated as the difference in log 2 combined TMT intensities of the protein for a given patient.
Statistical analysis
All graphs and statistics were prepared in Prism 6 (GraphPad Software). For binary comparisons, a two-tailed t test assuming equal SDs was used. For comparisons between three or more groups, we used ANOVA test followed by post hoc analysis with Tukey correction for multiple pairwise comparisons. For LC-MS/MS data, enrichment differences (B-2 versus B-2-Mut) were averaged across the three patients, and significance was tested using unpaired t tests assuming equal SDs across sample populations, followed by a multiple testing correction using a two-stage linear step-up procedure (58) and a desired FDR of 5% (table S1). All P values are marked in the legends and figures. All box plots represent the mean and first and third quartile values. All values are expressed as means ± 1 SD. All raw data for experiments where n < 20 are reported in table S2.
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